Mitochondrial oxidants (or reactive oxygen species) participate in a myriad of physiological and pathological processes. They are, however, quite hard to measure due to their chemical nature and specific subcellular location. Here, we review techniques to measure mitochondrial oxidants in biological systems as well as the results of their activity, highlighting conditions to be considered, controls and recommended practices. We will delineate experimental setups that use combined strategies to convincingly demonstrate the biological effects of mitochondrial oxidants, using the imperfect methodology available today.
Introduction
Mitochondria produce oxidants (or reactive oxygen species) such as the superoxide radical anion (O 2
•-) and hydrogen peroxide (H 2 O 2 ) as a result of the immense variety of redox reactions that are located in this organelle [2, 20, 34, 51] . Consequently, mitochondria also developed efficient antioxidant systems and regulatory pathways that modulate oxidant production [20, 51] . The balance between production and removal determines oxidant release from the organelle, which is modified by the substrate in use, physiological energy metabolism regulation and a variety of pathological conditions [20, 48, 9] . Interestingly, a large body of data shows that oxidants not only lead to varying degrees of oxidative damage in mitochondria and in other cellular components (when antioxidant systems are overwhelmed), but also act as signaling molecules [21, 45] . Given the varied and pivotal roles of mitochondrial oxidants, measuring these species, mitochondrial redox state and the consequences of oxidants in this organelle is an important element in many current scientific studies. Unfortunately, although the literature has described many tools to measure mitochondrial oxidants, none is foolproof nor can be used in the absence of controls. Furthermore, most mitochondrial redox state measurement techniques are artifact-prone due to the reactive nature of the oxidants they measure and conditions specific to mitochondrial biology such as the presence of a variable inner membrane potential, changes in mitochondrial morphology and mass. The aim of this review is to highlight experimental conditions, controls and recommended practices when measuring mitochondrial redox state. We will start by quickly reviewing characteristics of mitochondrial oxidant production and removal. We will then address some important particularities of animal and cell culture models that pertain to studies of mitochondrial oxidants. Next, we will focus on techniques available, discussing their capabilities and limitations, as well as necessary controls. The review will end by discussing ideal strategy designs to study biological effects of mitochondrial oxidants using the imperfect techniques available currently.
Mitochondrial oxidants and antioxidants -a very brief overview
Characteristics of mitochondrial oxidant production and antioxidant mechanisms have been extensively reviewed elsewhere [2, 20, 34, 51, 9] and are not the aim of this review, which focusses instead on mitochondrial oxidant measurement techniques. It suffices to say here that many mitochondrial components, including electron transport chain complexes (such as complexes I, II and III) and redox enzymes (such as glycerol 3 phosphate, pyruvate, alfa-ketoglutarate, dihydroorotate, very long chain acyl-CoA dehydrogenases and the electron transfer flavoprotein) can generate oxidants such as O 2
•-and H 2 O 2 within mitochondria. The rate of oxidant production is modulated by oxygen consumption velocity in the organelle: higher mitochondrial oxygen consumption rates are generally, but not universally, associated with lower oxidant production [48] , since intermediates generating these oxidants turn over more quickly, reverse electron transport is unfavorable, and local oxygen tensions are lower [51] . Superoxide radical anions generated in both the matrix and the intermembrane space are rapidly converted to H 2 O 2 due to the presence of superoxide dismutases in both compartments [38] . Because mitochondria contain both labile iron and metal-containing enzymes, the highly reactive hydroxyl radical, generated from H 2 O 2 via the Fenton reaction, has been shown to be produced in the organelle [53] , although its short half-life hampers its detection in complex biological models. Since H 2 O 2 has the ability to generate damaging hydroxyl radicals, these organelles have evolved efficient systems to remove peroxides [2, 20, 34, 51] , including catalases and thiol peroxidases such as glutathione and thioredoxin peroxidases. Reduced glutathione and thioredoxin are necessary for the function of thiol peroxidases, and are maintained reduced by electrons donated from mitochondrial NADPH. Mitochondrial NADPH is mostly produced by the mitochondrial nicotinamide nucleotide transhydrogenase (NNT, Fig. 1 ), an inner membrane protein described in more detail below. Curiously, this enzyme is deficient in one of the most used laboratory animal rodent models.
Animal models
Animal models are often used to study the effects of disease, diet, aging or other interventions on mitochondrial oxidants in different tissues. Laboratory rodents constitute the bulk of these animal models and are also often used to obtain isolated mitochondria or tissue samples for in vitro redox state studies.
Some particularities regarding mitochondrial redox state should be considered when using laboratory rodents. The first pertains to the animal strain used. In 2005, while investigating reasons for impaired insulin secretion in the widely-used C57BL/6J mouse, Toye et al. [50] discovered this strain harbored a spontaneous missense mutation in exon 1 and a multi-exon deletion (exons 7-11) in the nuclear gene that encodes for NNT. NNT is an inner mitochondrial membrane protein which uses the proton gradient as a driving force to transfer electrons from NADH to NADP + (Fig. 1 ). In the absence of this protein, NADP + reduction in mitochondria is hampered, resulting in low NADPH availability for antioxidant systems, increased oxidized glutathione levels, poor ability to remove added oxidants and higher H 2 O 2 release rates [29, 36, 42] . Thus, the lack of NNT in C57BL/6J mice has a strong impact on mitochondrial redox state. Importantly, the C57BL/6J mouse is the most widely used inbred laboratory mouse strain today (https://www.jax.org/strain/000664, consulted September 2 nd , 2018), and is also the background used to generate many genetically modified mouse strains, which means the redox effects in most of these studies should be analyzed in light of the hampered mitochondrial antioxidant system these animals have. Furthermore, mispairings and mislabeling of C57BL/6 mouse strains are not uncommon, and can result in widely different biological effects [5] .
Given the wide use of this animal model, we don´t believe it is feasible to avoid it altogether, but recommend testing C57BL/6 mice for the presence of the Nnt mutation, as well as considering biological implications of the lack of NNT when using this widely-adopted spontaneous mutant. This characteristic of C57BL/6 mice also brings to light the peculiar nature of inbred laboratory animal strains and their tendency to develop specific genetic drifts over time, emphasizing the importance of using congenic animals to determine the effects of singe gene modifications whenever possible.
Another aspect to keep in mind regarding animal studies and mitochondrial redox state is the diet used by these animals. Because of the central role of mitochondria in energy metabolism, mitochondrial oxidants are often studied following nutritional interventions such as caloric restriction or overnutrition. We find that many studies in which calories are restricted do not use supplemented diets to account for micronutrient intake decreases [10] . Non-supplemented diets can result in micronutrient malnutrition, including low levels of vitamins and minerals important to maintain redox balance such as copper, iron, manganese, selenium, riboflavin and thiamin. As a result, many studies that see changes in mitochondrial physiology with caloric restriction may in fact describe effects of lower micronutrient, and not caloric, intake [11] .
Overnutrition studies such as studies involving high fat diets may also promote malnutrition due to decreases in total food intake promoted by fat-induced satiety. High fat dietary interventions in the literature are also confounded by the fact that the low fat diets they are compared to are quite variable, and often not a known-component diet which differs only in fat and energy contents, thus promoting changes in micronutrient availability [24] . Overall, dietary interventions should be formulated in animal redox studies so as not to involve unwanted changes in micronutrient content that lead to differences in electron transport chain function or impair the synthesis of antioxidant system components. Diets should also be checked to ensure no alterations in added antioxidant preservatives, such as butylated hydroxytoluene (BHT), occur within the experimental protocol.
Cell culture models
Cultured cells are often used in studies involving mitochondrial oxidant production, both for in situ experiments and as sources of isolated organelles or homogenates. A particularity of mammalian cell cultures that these cells are grown at oxygen concentrations similar to the solubility of oxygen in media (~200 μM), while the concentration of oxygen in mammalian tissues depends on proximity to blood vessels and diffusion across cell layers, and is thus usually much lower (~1-30 μM). Careful experiments in isolated mitochondria by Hoffman and Brookes [22] have determined that mitochondrial H 2 O 2 release rates are highly sensitive to changes in oxygen concentrations within the expected physiological in vivo concentration range, while completely saturated at the concentrations in which cells are cultured. Experiments under more physiological oxygen concentration growth conditions are possible, although they require specialized incubators and are thus probably unrealistic for most studies. However, researchers should keep this important experimental difference in mind when designing protocols, and particularly when comparing in vivo animal tissue effects to those in cultured cells.
Another consideration in cell cultures pertains to the adaptations these cultures undergo during many generations of replication under laboratory conditions, which usually involve growth in large relative quantities of media with high glucose content. These high glucose levels allow the cells to generate ATP mainly through glucose fermentation to lactate, and many cell lines grown in this manner have significant loss of mitochondrial function, which can predictably affect mitochondrial redox state and signaling. This low mitochondrial activity in cell lines can be reversed by cultivating cells in non-fermentable substrates or galactose, which reduces glycolytic efficiency, thus stimulating + from NADH, produced by many intramitochondrial enzymes including pyruvate, isocitrate, malate and α-ketoglutarate dehydrogenases (PDH, IDH, MDH and αKGDH, respectively). This NNT activity generates mitochondrial matrix NADPH coupled to the entry of a proton into the matrix, and is deficient in the widely-used C57BL/6 J mouse. Intramitochondrial NADPH reduces oxidized glutathione and thoredoxin [GSSG and Trx(S-S) to GSH and Trx (SH) 2 ], which allows for the removal of H 2 O 2 through the activities of glutathione and thioredoxin peroxidases. As a result, C57BL/6 J mouse mitochondria are unable to adequately remove oxidants and prone to oxidative damage.
respiration [47] . Again, this is not a necessary experimental condition for every cell culture mitochondrial oxidant study, but a characteristic that should be kept in mind when using cell lines.
Measuring mitochondrial oxidants -extramitochondrial probes
A common manner to measure mitochondrial oxidants is to follow the release of these oxidants into the extramitochondrial environment using probes that are oxidized and change absorbance or fluorescence. This form of measurement follows an increase in signal over time, theoretically representing an increase in oxidants detected, and is much more widely used than measuring single point markers of oxidative damage in the system. Because the oxidant must be released from mitochondria for this form of measurement, it must be relatively stable, membrane diffusible and long-lived [9] . Therefore this form of measurement is usually restricted to detection of mitochondrial H 2 O 2 .
When using isolated mitochondrial preparations or fractions of mitochondria, H 2 O 2 peroxide release can be measured in a relatively straightforward manner using horseradish peroxidase and probes such as Amplex Red, which is oxidized to fluorescent resorufin [56] . Amplex Red has been widely adopted because it is stable and highly responsive. It produces fluorescence increases that correlate linearly with H 2 O 2 additions within biological ranges of the oxidant which makes quantification of H 2 O 2 release possible. However, it does not exclusively detect H 2 O 2 , even when used with horseradish peroxidase [14] , as the system is also responsive to peroxynitrite. A control that can be employed to exclude the participation of peroxynitrite or other interferants in the signal is to add excess catalase to remove H 2 O 2 , and thus estimate the response that is H 2 O 2 -dependent and -independent.
Another methodological consideration when using Amplex red is that resorufin, its product, can undergo light-mediated photochemical oxidation when in the presence of reductants such as NADH [55] . This possibility should be considered when using NADH as an added substrate (and therefore not separated from the probe by the mitochondrial membrane), when mitochondrial membrane integrity is compromised (releasing NADH) and when conducting continuous fluorescence measurements (which expose the samples to large amounts of light).
While adequate for studies in isolated mitochondrial samples, methods that included added enzymes such as horseradish peroxidase are limited to measurements of oxidants released from membranebound biological systems, and therefore cannot detect cytosolic oxidants inside intact cells, which is a measurement conducted very frequently. The probe most widely used in intact cells is dichlorodihydrofluorescein diacetate (DCFH-DA), a membranepermeable molecule which is metabolized by live cells to DCFH carboxylate anion, which can be oxidized to its easily detectable fluorescent product dichlorofluorescein (DCF). Although it is easy to obtain a fluorescent signal from this probe, it has many shortcomings (extensively reviewed by [25] Of particular relevance to studies following mitochondrial oxidant generation is the fact that DCF formation is pH-sensitive, doubling fluorescence increases within physiological ranges around pH 7 [54] . Changes in mitochondrial energy metabolism are often accompanied by modifications in the local production of CO 2 and lactate, among other effects that alter intracellular pH, which may modify DCF detection independently of the presence of oxidants. Overall, DCF is a questionable method to detect mitochondrial H 2 O 2 release, and should not be used insolation for such measurements.
An alternative system to measure mitochondrially-generated H 2 O 2 inside cells are membrane-permeable boronate esters attached to a fluorophore, which interact directly with intracellular H 2 O 2 and other peroxides to form fluorescent products [25, 32, 57] . These compounds have the disadvantage of reacting with H 2 O 2 with low second-order rate constants, that compete with endogenous detoxifying systems. However, even the small quantity of oxidants that escape from antioxidant systems and are detectable by boronate esters are already a strong indication of oxidant production. Mitochondrially-targeted boronate esters have been developed for detection within these organelles [15, 17, 57] .
Dihydroethidium and dihydrorhodamine 123 are also often-used probes to measure oxidants in the cytosol. Dihydroethidium specifically generates 2-hydroxyethidium when oxidized by O 2
•-, which could allow it to be an oxidant-specific probe. However, other fluorescent dihydroethidium products, particularly ethidium, are also formed in vivo, so total fluorescence is not an indicator of O 2 •-. These different fluorescent products can be separated by HPLC for specific measurements [19] . Interestingly, dihydroethidium and dihydrorhodamine 123 oxidation products are accumulated in mitochondria when oxidized, since they have positive charges in this form [43, 7] , and therefore their use will also require the considerations we will discuss under the next topic for mitochondrially-accumulated probes.
Another class of probes to detect oxidants in cells are genetically encoded fluorescent proteins which are sensitive to oxidant levels, generally by means of structural modifications involving disulfides (reviewed in detail by [31] ). Examples of these proteins are redoxsensitive green fluorescent proteins (roGFPs), and HyPer, which have the advantage of being ratiometric probes, thus eliminating concerns regarding expression levels and unequal probe distribution. These proteins can be targeted to specific intracellular compartments, and molecularly engineered for different types of detection. Expression of fluorescent proteins in small intracellular spaces (such as the mitochondrial intermembrane space) can hamper the detection of fluorescence, but oxidized and reduced forms of these proteins can also be separated in gels and quantified, overcoming this caveat [23] . Recently, peroxiredoxins in combination with GFP and YFPs have also been proposed to be good scaffolds for the design of intracellular peroxide probes [52] . While encoded protein probes are very interesting and bring exciting new possibilities, some care must be expended when considering studies with them: (i) All fluorescent proteins can undergo photobleaching and produce oxidants under illumination [39] . (ii) As mentioned previously, accumulation of these probes in specific environments can affect whole cell fluorescence. (iii) Some of these proteins are pH-sensitive [41] , and changes in pH have been erroneously interpreted as changes in O 2
•-levels in the past [44] . These caveats, as well as possible lack of selectivity to specific oxidants, should be considered when using encoded protein sensors to measure mitochondrially-generated oxidants.
Measuring mitochondrial oxidants -mitochondrial probes
Another class of probes used to measure changes in oxidant levels are cationic probes which accumulate in mitochondria by means of their inner membrane potential [16, 57] , including dihidrorhodamine, Mitotracker Red CMX Ros and MitoSOX. A first point to consider when using cationic probes is that their accumulation in mitochondria is dependent on both the plasma membrane potential and the mitochondrial inner membrane potential [6] . Mitochondrial matrix concentrations of the probe at 37°C can thus be estimated using the Nernst equation: ] extracellular is the concentration of the probe added to the extracellular medium, ΔΨm is the mitochondrial inner membrane potential and ΔΨp is the plasma membrane inner membrane potential.
From this equation, we can see that the accumulation of cationic probes is exponentially and equally dependent on mitochondrial and plasma membrane inner membrane potentials (Fig. 2) . This means that changes in any of these potentials will alter the accumulation this class of redox-sensitive probes, independently of possible modifications in oxidant production. It also follows that the detection of oxidants will be affected if the probe is present at different quantities.
Adding to this complication is the fact that fluorescence of these probes is not necessarily proportional to the total quantity of these probes in a cell. When concentrations of these probes are high in a given cellular microenvironment (such as mitochondria), the fluorescence of the oxidized form is decreased relative to that expected for the probe concentration [18, 37] . This loss of fluorescence of the probes when accumulated in mitochondria is known as fluorescence quenching and is possibly related to a spectral shift in absorption and emission spectra and stacking of probe molecules in the mitochondrial microenvironment, reducing their ability to absorb and emit light. Overall, this means the fluorescence of molecules accumulated in mitochondria is often lower than that of the same quantity of the molecule in the cytosol, and that total cell fluorescence can decrease with more mitochondrial uptake of the probe. On the other hand, when low concentrations of probes are used, quenching does not happen, and higher mitochondrial accumulation results in higher cellular fluorescence [6] . It is thus important to know when quenching and non-quenching conditions occur in cells. Particularly for oxidant-sensitive mitochondrial probes, the quenching mode should be avoided since the aim is to measure the fluorescent oxidized version of the probe. For this, concentrations used should as low as possible and titrated for each cell type and condition. Using low probe concentrations also prevents mitochondrial toxicity, such as respiratory chain inhibition, promoted by the probe´s accumulation in mitochondria [57] .
Another confounding factor involving cationic mitochondriallyaccumulated probes is that fluorescence responses are also affected by mitochondrial size and shape [26] . Mitochondria have been recently found to be highly dynamic, changing size and shape continuously, in a manner altered by many redox-sensitive factors and nutrient availability (reviewed by [27] ). As a result, organelle morphology and dynamics should also be considered when using mitochondrially-accumulated oxidant probes (Fig. 2) . A suggested control that helps to normalize both for changes in membrane potentials and size and shape is to use an oxidant-insensitive mitochondrially-accumulated probe as a normalizing factor when analyzing whole cell fluorescence (cytometry or microscopy) or mitochondrial fluorescence (confocal localized microscopy). Overall, we suggest this class of probes has too many artifacts associated with them to be used in isolation as evidence of mitochondrial oxidant production (summarized in Fig. 2 ). While they can provide a useful suggestion of changes in mitochondrial oxidants, other techniques and experimental approaches should be used in association. Murphy´s group [12, 8] has developed an elegant bypass for the concerns listed above: a mitochondrially-accumulated probe, MitoB, that reacts with H 2 O 2 to form a stable phenol, MitoP. The two forms can be extracted from the tissue or cells and quantified by liquid chromatography-tandem mass spectrometry, providing a snapshot of in vivo mitochondrial H 2 O 2 [28] . While this method is technically far superior to the others discussed, it does not allow for continuous time-scans, which are often desired by researchers.
Is measuring mitochondrial oxidants necessary?
While many studies follow fluorescent markers in order to estimate mitochondrial oxidant production or release over time, we saw above that there are several technical limitations that make real-time oxidant measurements using fluorescent indicators untrustworthy, especially when dealing with whole cell, tissue, or animal measurements. Indeed, we would like to urge researchers to consider the actual necessity of this form of measurement in their experimental setup.
First, consider instead the use of a probe isolated from the cells or tissue and quantified at specific time-points such as the western blot or mass spectrometry experimental setups described above. These provide far more dependable data, since they isolate the indicator from the biological setup that generated the oxidants, avoiding artifacts generated by the large complexity inherent to biological systems.
Second, consider if you need a direct measurement of mitochondrial oxidants altogether. You do not always need to measure an oxidant to understand biological phenomena that involve this chemical species. Molecules modified by oxidants are good indictors of their presence, including oxidatively-modified lipids, proteins and nucleic acids in mitochondria, which can undergo specific modifications with specific oxidants. In fact, aconitase, a citric acid cycle enzyme, is sensitive to inactivation by superoxide radicals as well as some reactive nitrogen species [49] . Other small molecule markers in mitochondria are good indicators of redox state and redox balance, such as oxidized versus reduced glutathione levels [13, 30] or NADP + /NADPH [3, 42] . All of these measurements are quantitative and provide solid information regarding the redox state of mitochondria. In addition to measuring molecules that are modified by the action of oxidants, and effective manner to link mitochondrial oxidants to a biological process is by using mitochondrially-targeted antioxidants to remove these oxidants (reviewed by [57] ). Two groups of mitochondrial antioxidants have been extensively tested in this sense: MitoQ, which contains ubiquinone as the antioxidant (reviewed by [33, 35] ) and SkQ molecules, which contain plastoquinone (reviewed by [46] ). Loss of a biological effect when using these antioxidants is a strong indication that mitochondrial oxidants are involved, although controls should include the mitochondrial target (usually triphenylphosphonium cations) in the absence of the antioxidant and the antioxidant in the absence of the mitochondrial target [1] .
Conversely, specifically generating O 2 •− within mitochondria using Fig. 2 . Oxidant-independent conditions that affect the fluorescence of mitochondrially-targeted probes. The accumulation of mitochondrially-targeted probes is dependent on both the plasma membrane (Δψ p ) and mitochondrial inner membrane (Δψ m ) potentials, as well as temperature, diffusion rates of the probe through these membranes and incubation time. The fluorescence of the probes within mitochondria depends on probe oxidation, quenching as a result of high intramitochondrial concentrations, and mitochondrial size and shape. Therefore, multiple parameters affect the loading and fluorescence of mitochondrial oxidant probes and should be considered when conducting measurements with these indicators.
mitochondrially-targeted paraquat [40] can identify mitochondrial oxidant-triggered effects. Mitochondrial oxidant production can also be modulated by stimulating or inhibiting the electron transport chain at specific points [48] . Beware that inhibition of electron transport chain activity does not usually inhibit mitochondrial oxidant production. In fact, respiratory inhibition usually enhances oxidant generation by causing accumulation of reduced intermediates capable of promoting monoelectronic oxygen reduction to produce O 2 •- [51] .
Overall, measuring oxidant biomarkers and following the effects of pro-or anti-oxidant molecules can be a solid and less artifact-prone manner to uncover biological effects of mitochondrial oxidants. These strategies should be considered when developing experimental designs.
Strategic design in studies involving mitochondrial oxidants
As we saw, most techniques to measure mitochondrial oxidants have significant caveats and are prone to many artifacts, most notably when studies involve cultured cells or tissues. As a result, care must be taken when designing experimental strategies in mitochondrial redox biology.
While fluorescent probes are often used, we stress the importance of the following precautions: (i) Keep in mind that these probes are very rarely specifically oxidized by a single reactive oxygen species. (ii) Do not equate fluorescence increases to a proportional increase in oxidant content -the response curves of these probes are not usually linear. Instead, indicate the data as relative fluorescence. (iii) Use mitochondrially-loaded probes and whole cell fluorescence measurements (cytometry, suspension fluorimetry or whole cell fluorescence microscopy) in the presence of a loading normalizer such as a mitochondrial fluorophore which does not require oxidation to be detected. (iv) Consider that changes in fluorescence may be caused by changes in pH, inner membrane potentials, and/or mitochondrial morphology, independently of changes in oxidant levels. (v) Finally, and most importantly, do not use fluorescent probes to measure oxidants as the only experimental evidence for the presence of these species in the process you are studying.
Indeed, the ideal experimental strategy to study mitochondrial oxidants includes a combination of techniques and methodological approaches, which together bring strength and reliability to the findings:
• Measure oxidants using extracellular probes (for diffusible oxidants) or, ideally, probes that involve quantification after removal from the biological system.
• In addition to (or maybe even instead of) oxidant measurements in the system, use measurements of oxidized products, including biological macromolecules and/or small molecule redox markers such as glutathione.
• Change mitochondrial oxidant levels using mitochondrially-targeted oxidants, antioxidants and/or electron transport modulators and measure the biological outcome of these modifications.
Through the combination of these different approaches, more trustworthy mitochondrial redox results can be obtained in the future, bringing substantial new mechanistic insights into the roles of mitochondrial oxidants.
